Introduction
Phosphorus is an essential nutrient element for animal and plant growth, and it is one of the three most important elements in fertilizers, along with nitrogen and potassium. Global phosphate fertilizer consumption was slightly more than 37 million ton-P 2 O 5 1) in 2004, and it has been growing at a rate of several percentage points annually. One of the causes is increased demand for chemical fertilizers along with a rise in the world's population. Dietary life is expected to change toward higher phosphate consumption with the improvement of living standards in Brazil, Russia, India, and China (BRICs), leading to acceleration in the consumption of phosphate fertilizer. The other factor for increased phosphate fertilizer demand is the rapid growth in energy crop cultivation, especially for bioethanol. For example, the price of corn has rocketed in the US for "special procurement for ethanol". Fertilizer is required to cultivate biomass, regardless of the raw material grain, and ensures that raw material phosphate rock is becoming a strategic issue. To produce bioethanol, land diversion from soybeans to corn has occurred globally, but corn needs more phosphate fertilizer than soybeans. While Brazil is the world's seventh-largest phosphate rock producer, 1) its demand has increased for higher production of bioethanol and it has resorted to importing phosphate fertilizer from the US, which may further disturb the supply-demand balance. 2, 3) On the other hand, phosphorus is one of the most harmful impurities in steel products. In Japan, which specializes in high-grade steel production, thorough dephosphorization is implemented during hot-metal pretreatment and steelmaking, and most of the phosphorus in molten iron is eliminated into the steelmaking slag. In a previous paper, 4) the authors elucidated the macrodomestic material flow of phosphorus and indicated that the amount of phosphorus eliminated into steelmaking slag on the basis of the data in 2002 was about 97 kton-P, which was almost equivalent to the total amount of the phosphorus contained in phosphate rock imported as phosphorus resources (approximately 111 kton-P). The phosphorus originating in iron ore is transferred into hot metal and concentrated about 100-fold within the steelmaking slag (dephosphorization slag) by hot-metal pretreatment. There is no other process which enables to concentrate phosphorus usually in diluted forms in nature and for various wastes to at such a high level, except for sewage processing by activated sludge and the hot-metal dephosphorization process. Therefore, it was quantitatively shown that steelmaking slag, especially the hot-metal dephosphorization slag, is an extremely promising potential secondary resource for phosphorus.
Hot-metal dephosphorization slag is a typical multiphase slag. Futatsuka et al. 5) conducted detailed microstruc- The authors have found that phosphorus exhibits remarkable segregation in exhausted actual hot-metal pretreatment slag (dephosphorization slag), and it exists as a 3CaO · P 2 O 5 -2CaO · SiO 2 solid solution with the FeO-CaO-SiO 2 matrix. Since their magnetic properties are significantly different, it is possible to separate them with the aid of a superconducting strong magnetic field. To investigate the effects of magnetic field strength, the particle size of the slag, etc., an experiment on magnetic separation has been carried out using simulated dephosphorization slag (18.1Fe t O-45.9CaO-20.3SiO 2 -6.6P 2 O 5 -2.5MnO-5.5MgO in mass%) and a superconducting magnet with 0.5-2.5 T. In a stronger magnetic field, the quality of the recovered slag becomes better due to less contamination of the Fe t O matrix phase, while its quantity worsens and the amount of recovered slag declines. However, the quantity of the recovered slag can be improved by repeating the procedure. In the present experiment, about 65 % of the phosphorus enriched phase can be recovered with less than 10 % of Fe t O matrix phase contamination at conditions of 0.5 T, a particle size of less than 35 mm, and a water/slag ratio of 32 with a single procedure. The P 2 O 5 content in the recovered slag is close to that in the phosphorus-enriched phase in the initial slag, and the FeO content decreases markedly with magnetic separation.
Magnetic Separation of Phosphorus Enriched Phase from Multiphase Dephosphorization Slag
ture analysis on the phosphorus in hot-metal dephosphorization slag using EPMA and showed that the slag constituent phases can be largely classified into two types: (1) the CaO-SiO 2 -P 2 O 5 phase with little iron but concentrated phosphorus of about 10 % (phosphorus enriched phase) and (2) the CaO-SiO 2 -Fe t O system with little phosphorus (matrix phase). Based on these results, the authors found in their previous work 4) that phosphorus and iron exhibit remarkable segregations and that this phosphorus enriched phase is a crystalline phase with nearly equal phosphorus content in phosphorus rock, and they showed that the two phases can be magnetically separated from cooled slag for highly possible collection of artificial phosphorus resources by using a high gradient of magnetic field. This paper systematically elucidates the effects of slag particle size, magnetic field strength, and so forth on the efficiency of magnetic separation of phosphorus enriched phase from a simulated hot-metal dephosphorization slag and examines the phosphorus recovery efficiency.
Experimental Work

Experimental Slag Composition
The purpose of this study was to recover the phosphorus enriched phase in dephosphorization slag by magnetic separation using a high magnetic field gradient. Under the general hot-metal dephosphorization conditions, the phosphorus enriched phase in slag can basically be considered the solid solution (hereafter abbreviated as C 3 P-C 2 S s.s. ) of 3CaO · P 2 O 5 (C 3 P), and 2CaO · SiO 2 (C 2 S). 5) Since it is impossible, in theory, to collect anything with a concentration higher than that of the P 2 O 5 concentration in the phosphorus enriched phase with the magnetic separation method, the authors propose it would lead to the recovery of highquality phosphorus by making slag that contains the phosphorus enriched phase with a high P 2 O 5 concentration.
In recent years, research on the multi-phase flux has been actively conducted to improve the dephosphorization ability and reduce the amount of slag disposal by actively utilizing solid-liquid coexistence slag. There have been an increasing number of reports on solid-liquid phosphorus distribution, 6, 7) phase equilibrium, 8) thermodynamic properties, 9) and solid-liquid reaction mechanisms 10) in the multi-phase flux. However, dephosphorization slag is a complex system involving many solid solutions with many aspects still to be elucidated. Thus, we need to wait for future research about slag composition, cooling conditions, and so forth to improve the P 2 O 5 concentration in the phosphorus enriched phase. Therefore, in this study, we selected the composition of our simulated hot-metal dephosphorization slag based on the following points. Figure 1 shows the composition ranges of the industrial dephosphorization slag used in each major steelmaking company projected onto the isothermal section of Fe t OCaO-SiO 2 system at 1 400°C. The industrial dephosphorization slag generated in a temperature range of 1 300-1 400°C is a typical multi-phase flux. That is, much of the dephosphorization slag had C 2 S and liquid phase coexisting, and it has been reported that more phosphorus is distributed into C 2 S when the basicity is higher in forming more C 2 S-C 3 P s.s. in slag in this state.
5-7) Therefore, we se- 
Preparation of Simulated Hot-metal Dephosphorization Slag
Simulated slag was prepared by mixing CaCO 3 (a highpurity reagent, Kanto Chemical), C 3 P (for chemical experiments, Wako Pure Chemical), SiO 2 (a special class reagent, Wako Pure Chemical), MnO 2 (a reagent, Wako Pure Chemical), and Fe t O powder synthesized from reagents and heated in a high-frequency induction furnace (3 kHz, 30 kW) under Ar atmosphere to 1 600°C and remaining at this temperature in a MgO crucible set inside a graphite susceptor to be gradually cooled to 1 000°C at 1.5°C/min to allow the particle size of the phosphorus enriched phase to grow and then be furnace cooled to room temperature. We prepared approximately 0.8 kg of slag.
The results of average composition and EPMA analysis on the simulated slag are shown in Table 1 and Fig. 2 , respectively. Focusing on the detailed EPMA analysis results in Fig. 2 , the section where there is phosphorus and little detection of iron has a composition in which a phase with a P 2 O 5 concentration of approximately 14 mass% (approx. 6.1 mass% by conversion into P) and a phase with about 8 mass% (approx. 3.5 mass% by conversion into P) are mixed, and the matrix phase with a high concentration of iron and no phosphorus content also has a composition in which a phase close to nearly pure Fe t O is dispersed within the Fe t O-CaO-SiO 2 phase with Fe t O concentration of approximately 70 mass% (approx. 55 mass% by conversion into Fe). Therefore, strictly speaking, it is surmised that the simulated slag we used in this study consists of four or more crystalline phases. However, in this study, we considered that the slag largely consisted of two phases: phosphorus enriched phase and matrix phase in the same fashion as many results from observation on practical slag.
5) The average P 2 O 5 concentration in the phosphorus enriched phase was approximately 12 mass% (approx. 5.2 mass% by conversion into P), indicating that it had grown to about © 2010 ISIJ 50-200 mm. Based on microscopic image analysis on the constitution, the average particle size in the phosphorus enriched phase was estimated to be approximately 120 mm. This slag was grinded in iron mortar to 3 classes of particle size: Ͻ32 mm, Ͻ53 mm, and coarse (10-300 mm), to be used in a magnetic separation experiment.
Magnetic Separation Experiment
A schematic diagram of the apparatus used in the magnetic separation experiment is shown in Fig. 3 . 0.14 g crashed slag was added in a Pyrex cell (f16.5 mmϫ 105 mm) that was then filled with 2-7 mL of ion-exchanged water to prevent coagulation of the slag particles. This cell was fixed onto a wooden frame to immerse a Pyrex nozzle (f0.7 mm) into the liquid to blow air into it from an air pump and to stir the liquid continuously and promote dispersion of the slag particles. The flow rate of air was adjusted to 30 mL/min using a flow controller (3910E manufactured by KOFLOC).
Air blowing was started by maintaining the cells at the 1 m position from the monopolar superconducting magnet generated surface magnetic field of 0.5 to 2.5 T.
11) After dispersing the slag particles nearly uniformly by maintaining conditions for approximately 30 s, the cell was moved and came in contact with the magnet surface. By maintaining the cell within the specified magnetic field gradient for 20 s and then inclining the cell while keeping them in contact with the magnet surface, we collected only the solution in which unmagnetized substances were suspended. Then the cell was removed from the superconducting magnet back to their initial position to collect the magnetized slag particles. The magnetic field gradient measured by a gauss meter was approximately 1.1 T/cm when the surface magnetic field was 2.2 T.
Using the magnetic separation procedures above, we examined the effects of various conditions, including slag particle size, solid-liquid ratio, and number of path on the rate of phosphorus collection from the slag. It should be noted that the number of path means the repeating number of magnetic separation by counting the previous magnetic separation procedure as one and suspending the magnetized substance in the same volume of ion-exchanged water for the next magnetic separation. The obtained unmagnetized and magnetized substances were analyzed for composition using ICP by dissolving each in hydrochloric acid following drying and weighing. We calculated the phosphorus recovery ratio from the composition of each phase in slag as shown in Table 1 based on the composition. The phosphorus recovery ratio was expressed as the rate of phosphorus recovered (mass%) in the initial total phosphorus content in slag.
Results and Discussion
Effect of Slag Particle Size
In this study, we conducted experiments by adjusting the slag particle size after the grinding process into three types: Ͻ32 mm, Ͻ53 mm, and coarse (10-300 mm). A magnetic separation experiment was conducted on each slag sample with 4.5 mL of ion-exchanged water (solid-liquid ratio 32) and 1 separation path. The effect of surface magnetic field strength from superconducting magnet on the recovery ratio of phosphorus obtained as an unmagnetized substance from the slag is shown in Fig. 4 using the particle size as a parameter. With any particle size, there is a tendency for the phosphorus recovery ratio to decrease as the magnetic field strength increases. On the other hand, the phosphorus recovery ratio improved as the particle size decreased under a fixed magnetic field strength. This can be explained as follows. While a completely isolated phosphorus enriched phase is included in the unmagnetized substance and the matrix phases in a magnetized substance, there are many particles with mixed phases in the actual grinded slag, leading to the magnetization of particles, including the matrix phase even if the main phase is the phosphorus enriched phase. This tendency is considered to become more prominent as the magnetic field strength increases. It is surmised that the phosphorus recovery ratio is lower for larger particle sizes because there are fewer isolated particles and more smaller sizes because there are more isolated particles. Based on the results in Fig. 4 , we conducted the following experiments using slag samples of Ͻ32 mm.
Effect of Solid-Liquid Ratio
The effect of the volume of the ion-exchanged water on suspending the slag samples on the phosphorus recovery ratio was examined. We defined the mass ratio between the slag and ion-exchanged water as the solid-liquid ratio and changed the volume of ion-exchanged water at three levels of 2 mL (solid-liquid ratio 14), 4.5 mL (solid-liquid ratio 32), and 7 mL (solid-liquid ratio 50) for the magnetic separation experiment with a particle size of Ͻ32 mm and a separation path of 1. The effect of the surface magnetic field strength on the superconducting magnet for the phosphorus recovery ratio is shown in Fig. 5 with a solid-liquid ratio as a parameter. While it is considered that the phosphorus recovery ratio decreased due to the coagulation of particles caused by insufficient slag particle dispersion with solid-liquid ratio 14, solid-liquid ratios 32 and 50 showed nearly equivalent phosphorus recovery ratios, indicating that slag particles were sufficiently dispersed. Since it seems favorable to keep the solid-liquid ratio at a low level, considering the later processes such as slag drying, purification, and water treatment after magnetic separation procedures, solid-liquid ratio of 32 was employed for the following experiments. However, it is expected that the optimal solid-liquid ratio depends on slag composition, average particle size, liquid stirring conditions, and so forth.
The phosphorus recovery ratio defined in this study is the rate of phosphorus existing in unmagnetized substances collected in the total phosphorus existence within the slag. Therefore, the rate of phosphorus contained in the matrix phase is not considered and the quality of the phosphorus collection material is not expressed. That is, the phosphorus recovery ratio reaches 100 % even if the entire slag used is separated as unmagnetized substance. We thus rearranged the results in Fig. 5 by the rate of the constituent phases before and after magnetic separation.
The results are shown in Fig. 6 . The left end indicates the existing rate of the phosphorus enriched phase and the matrix phase in the slag before separation. The black background indicates the rate of the phosphorus enriched phase and the white background of the matrix phase. According to the results of this magnetic separation experiment under each magnetic field strength, the section surrounded by a solid line indicates the unmagnetized substance and the section surrounded by a broken line indicates the magnetized substance. If the surface magnetic field strength is relatively weak at 0.5 T or 1 T, the amount of phosphorus enriched phase as an unmagnetized substance is large, but the amount of matrix phase that is mixed is also large, indicating insufficient quality when it is considered a phosphorus resource. On the other hand, the amount of matrix phase mixed becomes smaller and the collected substance has a similar composition to the phosphorus enriched phase, although the rate of phosphorus collection is lower when the conducting magnet on the phosphorus recovery ratio at average slag particle size of Ͻ32, Ͻ53 and 10-300 mm. magnetic field strength is higher. Of the crushed slag particles, the particles in which the phosphorus concentrated and matrix phases are mixed are magnetized if the magnetic field strength is higher, resulting in higher rate of phosphorus enriched phase in the collected substance. If the magnetic field is weaker on the other hand, much of the phosphorus enriched phase remains as unmagnetized substance, leading to larger phosphorus recovery ratio but a higher mixture of the matrix phase. It can therefore be surmised that the phosphorus recovery ratio and the quality of collected substance are in a reciprocal relationship. The experimental results in Fig. 6 were rearranged in Fig. 7 as P 2 O 5 and Fe t O concentrations in the phosphorus collection substance. The broken line in the figure indicates the average concentrations of P 2 O 5 and Fe t O in phosphorus enriched phase in the simulated slag shown in Fig. 2 . In this study, it is impossible in theory to improve the phosphorus concentration in collected substance to exceed the P 2 O 5 concentration in the phosphorus enriched phase itself. Therefore, this P 2 O 5 concentration in the phosphorus enriched phase is the limit value for P 2 O 5 concentration in phosphorus collection substance. As shown in Fig. 7 , the P 2 O 5 concentration was about 11 mass% which is nearly at the limit value under any magnetic field strengths although Fe t O was seen to be mixed by about 6-3.5 mass%, indicating that phosphorus separation and collection were sufficient.
Effect of Number of Separation Path
After conducting one magnetic separation according to the procedures described previously with a particle size Ͻ32 mm and a solid-liquid ratio of 32 and collecting the solution suspending unmagnetized substance, the same volume of ion-exchange water was added into the cell with a magnetized substance to repeat the same magnetic separation procedures again. Since suspension of the unmagnetized substance was no longer observed in solution after the fifth path, the maximum separation path was set to five. The effect of the number of separation path on the composition of the phosphorus collection substance at surface magnetic field strengths of 0.5 T and 2.5 T is shown in Fig.  8 . While phosphorus recovery ratio is improved by increasing the separation path number, there is also a tendency for the matrix phase mixture to increase as well. In addition, the matrix phase mixture decreases as the surface magnetic field strength is higher, while the phosphorus recovery ratio is lower when compared at the same separation path number. For example, the phosphorus recovery ratio is 76.4 % and the P 2 O 5 concentration in the collected substance is 10.0 mass% when separation is repeated five times at 0.5 T, but there is also an Fe t O concentration detected as 6.9 mass%, indicating a relatively high mixture of the matrix phase. In contrast, the P 2 O 5 concentration in the collected substance from one separation with a 2.5 T surface magnetic field strength was 11.0 mass%, which is nearly equivalent to that of the phosphorus enriched phase, but the phosphorus recovery ratio was lower at 29.0 % and the Fe t O concentration analysis value in the collected substance was 3.3 mass%. However, the phosphorus recovery ratio was 62.0 % and the P 2 O 5 concentration in the collected substance 10.6 mass% by repeating the separation procedures five times at 2.5 T, although the Fe t O concentration in- creased to 4.6 mass%. Therefore, it is surmised that the suited conditions should consist of one separation with a strong magnetic field to pursue the quality as a resource for phosphorus in the collected substance and of several separation counts at weak magnetic field to pursue the phosphorus collection amount. Which of the conditions should be selected will depend on the application of the collected substance as a phosphorus resource and how much mixture of the matrix phase can be tolerated in the latter processes to support the applications. Improvement in the phosphorus recovery ratio is equivalent to a reduction of the phosphorus concentration in magnetized substances, and it is possible to recycle the residue as a raw material for sintering or hot-metal treatment flux. 12) Further advantages can be expected for iron and steel makers.
Phosphate rocks currently imported in Japan primarily have a range of P 2 O 5 concentration of 20-30 mass% and Fe t O concentration of 2-4 mass%. In comparison, the phosphorus collection substances obtained in this study have the Fe t O concentration nearly equivalent to that of phosphorus rocks, but the P 2 O 5 concentration is lower. However, applications of phosphorus as a resource are diverse from those requiring high-purity raw materials, such as liquid phosphoric acid, to those with a wide component tolerance range such as soil improvement materials. The authors therefore consider that the application can be ensured sufficiently as the phosphorus in slag is concentrated into several folds as shown in the results of this study.
Meanwhile, according to Futatsuka, et al., 5) who conducted microstructure analysis on dephosphorization slag from various steel works, the phosphorus enriched phase with P 2 O 5 concentration close to the nearly pure C 3 P (P 2 O 5 ϭ45.8 mass%) is often observed in cooled slag, and it is highly likely that the P 2 O 5 concentration in the phosphorus enriched phase can be improved further by controlling the slag composition during dephosphorization and the cooling conditions. How the phosphorus is removed from hot metal at high efficiency and low cost is most important in hot-metal dephosphorization treatment, and the production of slag is not the target process. That is, the composition for slag from various steel works ranges relatively widely as shown in Fig. 1 and is determined subordinately depending on the degree of refining necessity and processes. The authors consider that the concept of "slag making technology" to actively produce slag by considering phosphorus collection while assuring the necessary degree of refining if the rare element, phosphorus, can be concentrated to a high degree in steelmaking slag and can then be separated and collected.
Conclusion
To examine the possibility of phosphorus recovery from hot-metal dephosphorization slag, we used a simulated type of 18.1Fe t O-45.9CaO-20.3SiO 2 -6.6P 2 O 5 -2.5MnO-5.5MgO (mass%) slag and conducted magnetic separation experiments in a surface magnetic field strength range of 0.5-2.5 T.
The conclusions reached in this study are summarized as follows. The phosphorus recovery ratio decreases as the particles size of the grinded slag increases under the fixed magnetic field strength. This is because there are many particles in which both the phosphorus concentrated and matrix phases in the slag are mixed. Thus the phosphorus recovery ratio improves as there are more isolated phosphorus enriched phases.
In the range of conditions in this experiment, the phosphorus recovery ratio improved as the solid-liquid ratio rose, reaching a plateau at around 32 and higher. The contamination of the matrix phase was smaller and the phosphorus collection substance had a higher phosphorus concentration as the magnetic field strength increased. On the other hand, the collected amount of phosphorus enriched phase was larger, but the mixture of matrix phase was also larger, which deteriorates the quality of the phosphorus collection substance when the magnetic field strength was smaller. Separation of phosphorus concentrated and matrix phases could be improved by increasing the number of separation path under a strong magnetic field.
It was possible to separate and collect a slag with nearly equivalent composition, having a phosphorus enriched phase (60.5CaO-26.7SiO 2 -11.8P 2 O 5 ) at a 62 % recovery ratio under the conditions of slag particle size Ͻ32 mm, solid-liquid ratio of 32, surface magnetic field strength of 2.5 T, and separation count of five.
